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Abstract  
The overall aim of this thesis is to increase the understanding of cost-effective nutrient 
abatement in the Baltic Sea. This is done under various assumptions about the 
underlying abatement measures available to the social planner, future changes in 
nutrient outflow caused by climate change as well as the impact of technical change on 
the cost of abatement. The thesis consists of three papers, which examines different 
aspects of cost effective nutrient abatement in the Baltic Sea. Paper I analyses the value 
of introducing mussel farming as an abatement measure for reduction of nutrients in the 
Baltic Sea. We aim at determining the value of mussel farming as an abatement 
measure taking alternative abatement measures, spatial scale and different nutrient load 
targets into consideration. The result show that calculated marginal cost by mussel farm 
can be considerably lower than that of other abatement measures, but also relatively 
high depending on mussel growth, sales options and formulation of nutrient load 
targets. Paper II examines the impact of climate change, structural changes in the 
agricultural sector and demographic development on the cost of fulfilling the nutrient 
abatement targets in the 2007 Baltic Sea Action Plan (BSAP). In paper II we apply a 
dynamic discrete model of control costs, which also takes the dynamics of nutrients in 
each marine basin into consideration. The results show that the main drivers of future 
nutrient loads work in different directions and that climate change may counter some of 
the increases in costs brought by structural change in the agricultural sector. The aim of 
paper III is to show the impact of learning-by-doing induced technical change on the 
costs of nutrient abatement in the Baltic Sea. Learning-by-doing is modeled in a 
reduced form through the abatement cost function. In this setting increased abatement 
leads to increased experience, which reduce the cost of abatement. The results show 
that learning-by-doing induced technical change can decrease costs substantially 
depending on learning rate.  
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“It is good to have an end to journey toward; but it is the journey that      
matters, in the end.”  
― Ernest Hemingway 
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 1. Introduction 
 
The overall aim of this thesis is to increase the understanding of cost-
effective nutrient abatement in the Baltic Sea. This is done under various 
assumptions about the underlying abatement measures available to the social 
planner, future changes in nutrient outflow caused by climate change as well as 
the impact of technical change on the cost of abatement. This thesis is 
composed of three independent papers, which will try to answer different but 
related issues about cost effective nutrient abatement in the Baltic Sea. Paper I 
analyses the value of introducing mussel farming as an abatement measure for 
reduction of nutrients in the Baltic Sea. We aim at determining the value of 
mussel farming as an abatement measure taking alternative abatement 
measures, spatial scale and different nutrient load targets into consideration. 
Paper II examines the impact of climate change, structural changes in the 
agricultural sector and demographic development on the cost of fulfilling the 
nutrient abatement targets in the 2007 HELCOM Baltic Sea Action Plan 
(BSAP). In paper II we apply a dynamic discrete model of control costs, which 
also takes the dynamics of nutrients in each marine basin into consideration. 
The aim of paper III is to show the impact of learning-by-doing induced 
technical change on the costs of nutrient abatement in the Baltic Sea. Learning-
by-doing is modeled in a reduced form through the abatement cost function. In 
this setting increased abatement leads to increased experience, which reduce 
the cost of abatement.  
The Baltic Sea is the world´s largest brackish sea and the drainage basin 
with its fourteen different countries contains more than 85 million inhabitants. 
(Rönnberg and Bonsdorff, 2004) The Sea is made up of seven different 
interlinked marine basins with partly unique ecological conditions. The nine 
countries with coastal access to the Baltic Sea (see figure 1) has taken the 
major initiatives for the governance of the Baltic Sea as a common resource 8 
through the intergovernmental body HELCOM. Eutrophication is one of the 
major concerns, which HELCOM addresses and action plans against 
eutrophication has been agreed upon in 1988 and 2007. (HELCOM, 2007) 
Neither of these treaties has been fully implemented.  One reason for this might 
be the fact that high costs are associated with achievement of the abatement 
targets in the BSAP and that many easy to implement, low-cost abatement 
measures has already been implemented (Gren et al., 2008). One important 
strategy is therefore to evaluate new abatement measures to asses if costs can 
be saved and/or more abatement can be conducted at the same cost. This thesis 
contributes to this strategy through paper I where mussel farming as an nutrient 
abatement measure in the Baltic Sea drainage basin is evaluated.  
The point of evaluation for all papers in this thesis is cost effective nutrient 
abatement, which implies that the environmental target
1, is reached to the 
lowest possible cost to society. (see e.g., Baumol and Oates, 1988) This means 
that marginal cost of abatement is equalized across all abatement measures in 
the drainage basin and the minimum cost solution often implies the inclusion 
of a combination of different abatement measures in different countries and 
drainage basins. (Gren, et al., 2008) For the Baltic Sea where emitting sources 
are located directly at the sea as well as up-streams in drainage basin marginal 
cost of abatement will be made up of two parts, the cost of abatement at the 
source and its impact on the environmental target in the marine basins of the 
Baltic Sea. Data on transportation and transformation of nutrients from the 
emission source to the coastal water will therefore be needed
2. For an 
abatement measure located upstream in the drainage basin this implies ceteris 
paribus that if 50% of the emitted nutrient is removed during transport to the 
sea through retention then the marginal cost of abatement at the environmental 
target will be twice as high as that of an identical measure located directly at 
the coast.    
The dynamics of nutrients in the Baltic Sea where nutrient stocks can reside 
in marine basins for long time periods, affecting eutrophication  point to the 
value of analyzing cost effective nutrient abatement in the Baltic Sea drainage 
basin over a longer time period. Today the main emitter of both nitrogen and 
phosphorous to the Baltic Sea is the agricultural sector which account for 
approximately 60 percent of nitrogen loads and 50 percent of phosphorous 
                                                        
1 The nutrient reductions needed to achieve the environmental target is for all three papers 
based on the nutrient reductions targets from the 2007 HELCOM, Baltic Sea Action Plan. 
(Helcom, 2007) 
2 This implies data on leaching and retention for all emission sources which emits on land in 
the drainage basin, data on retention for emission sources that emits directly into up-streams 
waterways as well as data on airborne emissions. (Gren et. al., 2008) 9 
loads
3. The dominance of the agricultural sector as an emitter of nutrients also 
follows over to the available nutrient abatement measures where a majority of 
abatement measures focus on nutrient reduction in the agricultural sector
4.  
Structural change in the agricultural sector is together with climate change also 
considered to be the main driver of future nutrient loads to the Baltic Sea. 
Climate change will change the precipitation pattern in the Baltic Sea drainage 
basin, which can have large impacts on nutrient outflow to the Baltic Sea and 
the agricultural sector can experience structural change due to changes in 
consumer preferences for animal protein. (Eriksson-Hägg et al., 2010) 
Accounting for the impact of these future drivers of nutrient loads is therefore 
important when attempting to asses cost effective nutrient abatement in the 
Baltic Sea drainage basin in the long run. In paper II we therefor calculate cost-
effective solutions to reductions of nutrient loads, according to the 
environmental goals stipulated in the 2007 HELCOM Baltic Sea Action Plan 
(BSAP), with consideration taken to future changes in nutrient loads caused by 
climate change, structural change in the agricultural sector as well as 
demographic development. This is carried out by means of a numerical 
dynamic discrete model of control costs for abatement in the riparian countries 
of the Baltic Sea, which  account for the heterogeneity and interconnections of 
the marine basins of the entire Baltic Sea drainage basin, including both 
nitrogen and phosphorous and several emitting sectors in the cost effective 
nutrient abatement. 
Over a longer time horizon it is also important to take technological change 
into consideration, when evaluating environmental problems and policy 
decisions. This is not the least important since when evaluating environmental 
problems and policy decisions over a long time horizon, the cumulative effect 
of technical change is likely to be large and since the implemented 
environmental policy may alter the process of technical change itself. (Jaffe et 
al., 2001) In paper III we therefore apply the same numerical dynamic discrete 
model of control costs for abatement in the riparian countries of the Baltic Sea 
as in paper II and introduces technical change through learning-by-doing. In 
this setting we follow Goulder and Mathai  (2000), Bramoullé and Olson, 
(2005), and Rosendahl, (2004) and model learning-by-doing in a reduced form 
through the abatement cost function, where increased abatement leads to 
increased experience, which reduces the cost of abatement. This thesis thus 
contributes both to the evaluation of new abatement measures and to the 
                                                        
3 Other emitting sources to the Baltic Sea are stationary combustion sources, traffic, ships, and 
sewage from household and industry. (Gren et al., 2008) 
4 Abatement measures reducing airborne emissions and sewage from household and industry 
are also included. (Gren et al., 2008)     10 
understanding of long term factors which can have a substantial impact on the 







Figure 1: Drainage basins of the Baltic Sea (originally from [41]). (Drainage basins in Denmark 
(2). Germany (2). Latvia (2). and Estonia (3) are not provided with names. but are delineated 
only by fine lines) 
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2. Summary of the Appended Papers 
 
In this section a short summary of the main results in paper I-III will be 
given. The full papers are appended for the interested reader.   
 
2.1 Summary of Paper I 
The purpose of paper I is to estimate the value of mussel farming for 
reducing nutrient content in the Baltic Sea, which is done in a cost 
effectiveness framework. Bivalve species has been recognized for their nutrient 
regulating abilities since the 1950s (e.g. Suzuki, 1957; Seki, 1972; Ryther et 
al., 1972; Haamer, 1996; Gifford et al., 2005). In the previous literature there 
are just a few attempts at estimating the value of mussel farming as a nutrient 
abatement measure and these studies usually just applies a simple comparison 
of unit abatement costs with other abatement measures, most often sewage 
treatment plants.(Lindahl et al., 2005). This approach is appropriate if sewage 
treatment plants are the only available alternative abatement measure. However 
at the Baltic Sea scale there are a number of different additional abatement 
measures available, such as changes in land use and fertilizer practices in the 
agricultural sector, and increased cleaning by households and industries not 
connected to common sewage treatment.  
In paper I the value of mussel farming for combating eutrophication in the 
Baltic Sea is estimated with the so called replacement cost method, where the 
value of mussel farming is established by the cost savings obtained by the 
replacement of abatement measures with higher cleaning costs. This is done by 
the use of a non-linear cost minimization programming model where costs and 
impacts of mussel farms are compared with other abatement measures in the 
Baltic Sea drainage basin. Minimum costs solutions are thus calculated for the 12 
fulfillment of the nutrient abatement targets as stipulated in the 2007 Baltic Sea 
Action Plan and the value of mussel farming as an abatement measure is 
determined by the difference in total minimum costs with and without mussel 
farming. The entire Baltic Sea basin is divided into 24 drainage basins in the 
cost minimization model to account for differences in climate, hydrology and 
biological conditions. Apart from mussel farming the cost minimization model 
includes 20 abatement measures which affect agriculture, industry, transport 
and household, (see Gren et al., (2008) for details). 
Ideally net costs which include investments and operational costs of mussel 
farming minus the impact of all other effects would be used to calculate the 
cost of nutrient abatement with mussel farms. Due to data limitation this has 
not been possible and the cost estimates in paper I therefore rely on partial 
calculation of costs, which includes investment and operational cost and the 
value of mussels as human or animal food source. Crucial for these cost 
calculations is the growth rate of mussels, which is dependent on the salinity 
content in the marine basins and whether or not the mussels can be sold as 
human or animal food source. In the brackish Baltic Sea the salinity content 
decreases towards the north-east and in the most northern and eastern basins 
mussel farming is not possible. A comparative advantage for mussel farming as 
an abatement measure is on the other hand their dual abatement of both 
nitrogen and phosphorous, where when harvested live mussels contain 8.5-1.2 
g of nitrogen and 0.6-0.8 g of phosphorous. This implies that if mussels are 
included in a cost effective nutrient abatement of e.g. nitrogen some 
phosphorous abatement will also occur “free of charge”. Mussel farming also 
has an advantage by being located in the marine basins, which is the 
environmental target of concern. The total amount of nutrient abatement 
conducted by mussel farming will thus affect the environmental target and the 
large nutrient pools which has already been emitted to the marine basins of the 
Baltic Sea.  
Since mussel farming is a relatively recent innovative technology for 
cleaning, there is a lack of data with respect to production cost, mussel sales 
options for human or animal consumption, and growth under different 
conditions. The study therefore calculated marginal cleaning cost of mussel 
farms with and without mussel sales options, high and low mussel growth rates 
and contents of nutrient in mussels. The calculated constant marginal cost then 
varied between Euro 0 kg
−1 nutrient cleaning and Euro 63.5 and 900 kg
−1 for 
nitrogen and phosphorus cleaning, respectively. The low marginal cleaning 
cost occurred for the Kattegat and the Sound marine basins under the 
assumption that mussels could be sold as human food source, whereas the 13 
largest costs were found in the Northern Baltic Proper basin, under the 
assumption that mussels could not be sold as human or animal food source.  
The estimated values, calculated as the difference in minimum costs for 
given nutrient reduction targets with and without the inclusion of mussel 
farming as a cleaning option, show a large variation, between 0.1 and 1.1 
billion of Euros per year. An evaluation of mussel farming as a cleaning device 
under the HELCOM Baltic Sea Action Plan revealed that the inclusion of 
mussel farming could decrease total abatement cost by approximately 5 
percent. The results are also sensitive to assumptions of mussel farming 
capacity in the Baltic Sea. 
The main contribution of this paper is to estimate the value of mussel farms 
for combating eutrophication in a wider context with respect to alternative 
abatement measures, spatial scale and different nutrient load target. This has to 




2.2 Summary of Paper II 
In paper II we shift the point of focus from the static- to the dynamic setting 
introducing scenarios for climate change, structural change in the agricultural 
sector as well as demographic development. Climate change is together with 
structural change in the agricultural sector considered to be the most important 
drivers of future nutrient outflow to the Baltic Sea and careful consideration 
needs to be taken to these future drivers of nutrient outflow in any cost -
effective nutrient abatement scheme, which attempt to evaluate nutrient 
abatement in the Baltic Sea over a longer time scale. A longer time scale is 
justified by the dynamics of the Sea, where nutrient stocks in the entire sea 
have a response time scale of 60-70 years. It is also shown in a flushing out 
experiment conducted by Savchuk and Wulff (2007) that a new balance where 
nutrient loads are reduced to pre-industrial levels did not occur even until after 
130 years. In paper II we therefor assume that nutrient load reductions as 
stipulated in the 2007 HELCOM Baltic Sea Action Plan are to be achieved at 
the latest in year 2100 and sustained for 70 years.  
In paper II we develop the dynamic model developed in Gren et al., (2010) 
by introducing scenarios for future nutrient loads in the Baltic Sea drainage 
basin. Compared to the static model used in paper I this model accounts for the 
heterogeneity of the marine basins of the entire Baltic Sea drainage basin. The 
dynamic model accounts for the fact that the ecological conditions of the 14 
marine basins differ and that the marine basins of the Baltic Sea are coupled so 
that nutrient load reduction to one marine basin affect the nutrient 
concentration of all marine basins of the Baltic Sea. This means that both 
spatial and dynamic distribution of abatement needs to be taken into 
consideration when identifying cost effective timing and location of nutrient 
abatement.  
Climate change is expected to change the precipitation pattern in the 
drainage basin. This is expected to lead to an increase in mean annual river-
flows in the north and a decrease in mean annual river-flows to the south 
(HELCOM, 2007; Graham, 2004). Changes in run-off and river flows explain 
71-97 percent of the variability in land-sea fluxes of nutrients (HELCOM, 
2007). Climate change will therefore affect the magnitude of future nutrient 
loads to the Baltic Sea.  We apply four different climate change scenarios 
based on a high and a low future CO2 emission scenario from IPCC and 
boundary conditions from two different global circulation models. (Graham, 
2004) The high emission scenario corresponds to a change in CO2 equivalent 
content from the 1990 level of 353 ppm to 1143 ppm in the future. 
Correspondingly the low emission scenario implies an increase to 822 ppm 
(Nacicénovic´ et.al., 2000). Population growth and demographic shifts to the 
coastal zone will act as an indirect driver of eutrophication which will add to 
other drivers of future nutrient loads e.g. climate change. In this context 
changes in nutrient loads close to the coast will affect the environmental target, 
in the marine basins of the Baltic Sea more since changes in nutrient loads, 
which take place further inland will also be affected by retention. We create a 
demographic change scenario which takes both the absolute change in 
population as well as the distance to the Baltic Sea coast into consideration. 
For the agricultural change scenario we apply the nutrient load change 
projected in (Eriksson-Hägg et.al., 2010).  Eriksson-Hägg et.al (2010) applies a 
scenario for future nutrient loads from the agricultural sector based on assumed 
increase in protein consumption for the year 2070. A crucial assumption in 
Eriksson-Hägg et.al (2010) is that the projected increase in protein demand is 
met totally by an increase in domestic animal production, which implies that 
the projections might be somewhat upward biased. The basis for the increase in 
nutrient outflow in the projections from Eriksson-Hägg et.al (2010) is that all 
counties in the Baltic Sea drainage basin will have a protein consumption equal 
to the mean of the EU-15 countries in 2070 (see Eriksson-Hägg et.al. for 
details). We apply cost effective calculations for the fulfillment of the nutrient 
load reductions stipulated in the 2007 BSAP, with climate change scenarios in 
isolation as well as together with scenarios for structural change in the 15 
agricultural sector and demographic development and make comparison to the 
reference case without scenarios.   
The results from the cost effective achievement of the BSAP under different 
scenarios indicated that climate change can lead to substantial cost decreases 
for all scenarios as compared to the reference case. This happens despite the 
fact that nutrient outflow increases to all basins of the Baltic Sea but the Baltic 
Proper under climate change. It is only the size of the Baltic Proper basin and 
the stringency of the nutrient abatement targets for the Baltic Proper, especially 
for phosphorous where reductions of over 50 percent are needed, which leads 
to this result. An interesting feature of the climate change scenarios is that 
costs are decreasing with the severity of climate change so that the largest cost 
decrease is occurring during the high future CO2 scenario, independent of 
which global general circulation model is used for boundary conditions. The 
demographic scenario implies a decrease in total abatement cost and the 
agricultural change scenario implies large increases in total abatement costs. 
An interesting aspect is that the two major drivers of future nutrient loads in 
the Baltic Sea drainage basin, climate change and structural change in the 
agricultural sector work in different directions and the large anticipated cost 
increase by structural change in the agricultural sector could be somewhat 
offset by changes in nutrient outflow caused climate change.  
This paper contributes to the literature on dynamic cost effective nutrient 
abatement by introducing scenarios of climate change to the spatial and 
temporal perspective. The impact of climate change on cost effective nutrient 
abatement has been analyzed before in a static setting and for a single sub-
basin of the Baltic Sea in Gren (2010). However none of the previous studies 
on cost effective nutrient abatement in the Baltic Sea has included the entire 
drainage basin as well as structural change in the agricultural sector and 
demographic development into the analyses.    
 
 
2.3 Summary of Paper III 
The purpose of paper III is to introduce induced technological change in a 
dynamic, cost effective, Baltic Sea nutrient abatement model, in order to 
analyze the impact of technical change on abatement costs over time. In doing 
this we use the same dynamic discrete cost minimization model as in paper II, 
originally developed in Gren et al., (2010), which accounts for both the 
heterogeneity of the marine basins and for the fact that the marine basins are 
coupled so that nutrient abatement to one marine basins affect all other basins. 16 
 In paper III we argue that learning by doing, a process where costs decline 
over time as firms gain experience in using a technology is the most relevant 
way to model technological change in nutrient abatement technology in the 
Baltic Sea drainage basin. Learning by doing is most often described as a 
function of the production process where repeating the production process 
leads to efficiency gains, but can also in an environmental context occur 
through abatement activities, since cutting back on emissions usually means 
that new, cleaner technologies are adopted. (Rosendahl, 2004) 
 In our modeling context this means that learning by doing is modeled in a 
reduced form through the abatement cost function. (Goulder and Mathai   
(2000); Bramoullé and Olson, (2005); Rosendahl, (2004)) Abatement thus 
leads to increased experience in using an abatement technology which leads to 
cost decrease. The learning rate is defined as the cost decrease in percentage 
for each doubling of abatement/experience. In paper III we run scenarios for 
different learning rates in order to analyze the impact of technical change on 
the cost of abatement. To the best of our knowledge there exist no studies, 
which conduct learning curve studies for all abatement technologies with 
relevance for the Baltic Sea. Studies from the climate, energy and 
manufacturing fields are therefore used together with studies for environmental 
abatement technologies. (McDoald and Schrattenholzer, (2001); Dutton and 
Thomas, (1984); Rasmussen,( 2004 ); Oosterhuis (2007)) 
We calculate minimum cost solutions for the fulfilment of the nutrient 
abatement targets in the 2007 BSAP, under both the business as usual scenario 
and under different scenarios with technical change.  Due to uncertainty with 
regard to the learning rate, we conduct extensive sensitive analysis to analyse 
the impact of different learning rates. The planning period in the simulations of 
cost effective nutrient abatement under technical change is here based on the 
guidelines in the most recent Helcom BSAP, where the planning period is set 
to 2021. However since the dynamics of the Sea with respect to the response 
time of nutrients in the marine basins is estimated to be 60-70 years the 
nutrient targets are set to be achieved at the latest 2100 and then sustained for 
70 years.   
The results from the cost minimization calculations show that technical 
change through learning by doing can have a substantial impact on total 
abatement costs depending on the learning rate.  We run scenarios where costs 
decrease with 0,5%, 5% and 12% for each doubling of experience/abatement. 
These learning rates are set to represent a low, medium and high learning rate 
scenario.  From these scenarios it can be seen that costs decrease substantially 
with about 44% with a technological learning of 12% for each doubling of 
experience/abatement. The 5% learning rate gives an average cost decreases of 17 
24,5 %  and the pessimistic learning scenario of 0,5% learning rate yields cost 
decreases of 2,8%. The cost decreasing effect of technical change through 
learning-by-doing is largest for Poland, which bears the largest cost burden in 
any nutrient abatement scheme. Inclusion of technical change in the analysis 
show that costs could be decreased substantially in both absolute and relative 
terms for Poland. This could in turn increase the possibility of a successful 
implementation of the BSAP since the large cost burden of Poland might be 
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